EXCITATION and conduction in the heart are crucial to normal cardiac function, but these electrical events are not yet well understood at the cellular and molecular level. The reason for our poor understanding is that the principal excitatory currentthe Na + current-has been difficult to study as a consequence of the geometrical complexity of cardiac tissue. The failure to characterize Na + currents in cardiac muscle has led to a dependence on data obtained from the more easily studied squid giant axon, interpreted for the different conditions in the heart through mathematical modeling.
Although cardiac muscle has profited from progress in understanding excitation and conduction in nerve, several important differences distinguish cardiac muscle from others in the family of excitable cells, and they limit the applicability of noncardiac models. Some of these differences are:
1. The cardiac action potential has a complex waveform and a long duration because more than the two dominant types of membrane current found in squid axon are involved in cardiac electrogenesis.
2. The cell membranes of cardiac tissue form a complex geometrical network. The tissue is made up of large numbers of relatively small and short cells, which are interconnected electrically by gap junctions.
3. Conduction velocity is a crucial variable in the electrical integration of the normal heartbeat, and even small changes could be of vital importance in setting the stage for serious, life-threatening arrhythmias.
4. Pacemaker properties are inherent in the function of several types of cardiac cells.
5. Membrane depolarization triggers cardiac contraction (as in skeletal muscle), and cellular mechanisms modulate the strength of contraction (in contrast to motor unit recruitment to control skeletal muscle contraction strength).
6. Interaction of excitability-altering drugs with cardiac cells appears to be different from the effects of these drugs in nerve cells.
The reason that direct study of ionic mechanisms in heart muscle has been difficult is because the essential tool-the voltage clamp-has been inadequate. The multicellular nature of the tissue has made it difficult to establish control of membrane potential rapidly and uniformly, especially for the excitatory Na + current (Johnson and Lieberman, 1971; Fozzard and Beeler, 1975; Beeler and McGuigan, 1978) . The narrow intercellular spaces have resulted in local accumulation or depletion of ions, altering the ionic gradients that must be known or controlled if quantitative studies are to be made (Baumgarten and Isenberg, 1977; Levis et al., 1983 ). These problems have not prevented identification of such important properties as the Ca ++ current (Reuter, 1973) , but the problems with the voltage clamp technique have certainly contributed substantially to confusion over the factors controlling conduction velocity, repolarization, and pacemaking.
In the absence of quantitative studies of Na + current in heart muscle, models have been very helpful in understanding conduction. Weidmann's (1952) use of the cable model for passive membrane study was highly successful. The cable concept has been expanded and explored by Hunter et al. (1975) and Levin and Fozzard (1981) . The efforts of Noble and others to synthesize the ionic currents into a mathematical model of the membrane action potential (Noble, 1962; McAllister et al., 1975; Beeler and Reuter, 1977) have contributed greatly to our understanding. However, experimental studies continue to show the limitations of these models (Spach et al., 1981 (Spach et al., , 1982 Fozzard 1983a, 1983b; Joyner et al., 1984) . One of the more controversial topics has been the use of the maximal upstroke velocity to estimate the available Na conductance (Weidmann, 1955; Baer et al., 1976; Cohen and Strichartz, 1977; Hondegham, 1978; Walton and Fozzard, 1979; Bean et al., 1982; Cohen et al., 1984; Grant et al., 1984) . Quantitative voltage clamp study of Na + currents is now possible through the use of very small groups 476 of cardiac cells or single isolated cells. With single cells, it is also possible to control the intracellular ionic environment. Single channels may be studied by clamping a small patch of membrane. Biochemical isolation and characterization of membrane components has been successful to the point that it is possible to reincorporate functional sodium channels into artificial membranes. Because of these dramatic advances in methodology, it seems certain that the next decade will belong to the experimentalists. With barely restrained enthusiasm, we describe in this brief review these new approaches in cardiac membrane electrophysiology.
New Preparations for Voltage Clamping
Until the last few years there were only two serious efforts to study Na + currents in heart cells, both using multicellular preparations that were shortened to minimize longitudinal loss of voltage control. Dudel and Riidel (1970) reduced the temperature in order to slow the Na + currents in short sheep Purkinje strands, and controlled the transmembrane voltage by a two-micropipette method. Beeler and Reuter (1970) used a single sucrose gap to clamp short ventricular muscle bundles at 35°C. Although these studies provided evidence that the cardiac Na + current generally resembled that found in nerve, the voltage clamp methods were not able to control the membrane potential sufficiently to permit accurate quantitative studies.
Use of short multicellular preparations reduces longitudinal voltage non-uniformity, but radial nonuniformity of voltage control remains because of current flow in the narrow extracellular spaces between the closely packed cells (Attwell and Cohen, 1977; Schoenberg and Fozzard, 1979; Haas and Brummundt, 1980) . Colatsky and Tsien (1979) were able to improve voltage control in a multicellular preparation by using a short Purkinje strand from the rabbit, which has rather wide intercellular spaces, and by using low temperature and low extracellular Na + concentrations. Ebihara et al. ( , 1983 and used a very small spherical aggregate of cultured embryonic chick heart cells for a two-micropipette voltage clamp at 37°C and with normal extracellular Na + . Although these studies suffered from some of the same problems as were seen with other multicellular preparations, they made it apparent that the activation of the Na + current could occur within a millisecond and that the Na + current does not always fit the original Hodgkin-Huxley mathematical model.
Single cardiac cells were available for biochemical studies for a number of years, but they were not usable for physiological studies because they often could not survive exposure to normal levels of ex- (Powell et al., 1980 Determination of the area of membrane under voltage control has been especially difficult in multicellular preparations of cardiac muscle because of the complex cell geometry (Mobley and Page, 1972; Hellam and Studt, 1974; Eisenberg and Cohen, 1983 ). This problem is not completely obviated by the use of single cells, because of membrane folding that is beyond the resolution of conventional microscopes used during the experimental studies. An alternative approach is to measure the membrane capacity, which should be linearly correlated with the membrane surface under appropriate conditions. The cardiac membrane capacity probably is constant with a value near 1 fiF/cm 2 ,* similar to other cell membranes (Fozzard, 1979; Levis et al., 1983) . Therefore, by measuring the charge delivered to the membrane during the capacity current, we can relate measured currents to the surface area being clamped.
New Techniques for Voltage Clamping
The ideal voltage clamp is one that controls the voltage and measures the current across a known area of cell membrane, with completion of a voltage change well before any voltage-dependent alteration in membrane properties. The transient inward currents carried by Na + and Ca ++ pose the greatest technical challenge, because they activate rapidly after a suprathreshold step, and because the Na + • The capacity of the membrane is the amount of charge required per unit of voltage change (C = Q/V). Na* channels are themselves charged structures, and their charges move in the membrane field. Consequently, for depolarization that activates Na* channels, additional charges are required to offset the channel "gating charge," which is additive to the membrane capacity. Hodgkin(1975) analyzed the effect of this increase in membrane capacity around excitation threshold on conduction in a model of the squid axon. He found that an increase in density of Na* channels would increase conduction velocity up to about W00 channels per ym 1 , but further increase in channel density would reduce conduction velocity because of this additional charging. His estimate of the capacity equivalent of a single channel is 8 x W~" F. We subsequently offer evidence that channel density is about 5 per urn 2 . This would add less than 1% to the charge required to depolarize cardiac membranes, so it may be ignored. For other membranes where Na* channel density is several hundred per pm 2 , this factor could be important. 2.0 V m is mean resting membrane potential and its standard deviation. Rm is the specific membrane resistance estimated from the input resistance and a calculation of the cell surface area assuming a smooth surface. T m is the membrane time constant in response to a current step. C m is the specific membrane capacity obtained from the relation r m = RC, and is also dependent on the estimate of surface area. In this calculation, membrane folding is not included.
current is large. Adequate voltage control is necessary for any study of the voltage-dependent properties of membrane currents. During earlier studies in heart muscle, the requirement of good voltage control was avoided by asking only that the event under study has changed little during the period of poor control (see Fozzard and Beeler, 1975; Beeler and McGuigan, 1978) . For example, cardiac electrophysiologists have claimed that poor voltage control during the first few milliseconds did not interfere with measurement of the Ca ++ current, since it reached a peak only after several milliseconds. It is now clear, that this argument was wrong. The Ca ++ current activates quickly, when it is measured under better voltage control in single myocytes (Tsien, 1983; Josephson et al., 1984) , so that we must judge previous measurements in multicellular preparations to be misleadingly slow.
The ionic current that changes most rapidly is the Na + current. In nerve, this current is fully activated in less than a millisecond at voltages near 0 mV. To compare the Na + channel in cardiac muscle to that of nerve, it is necessary that we record the Na + current with equivalent accuracy. As already noted, the best voltage clamp in a naturally occurring multicellular mammalian preparation was obtained in rabbit Purkinje strands (Colatsky and Tsien, 1979; Colatsky, 1980) , where, typically, more than a millisecond was required to achieve voltage control. This is clearly too slow to permit study of activation, and the delay may also affect the value of peak Na + currents. Achievement of even this level of control required stringent conditions of low temperature and low Na + concentrations, which may influence the applicability of the results to the normal state. It must be pointed out that the investigators using the rabbit Purkinje strands fully realized the limitations of their voltage clamp, and used it only to study steady state properties and slow recovery from inacrivation. Voltage clamp studies in aggregated embryonic chick heart cells ) also have shown evidence of quite rapid voltage control.
The first successful voltage clamp of the Na + current of single ventricular cells was reported by Lee et al. (1979; see also Brown et al., 1981a see also Brown et al., , 1981b , using a suction pipette method developed for voltage clamping of" single neuronal cells (Lee et al., 1978 ; see also Kostyuk et al., 1975) . The best control of Na + currents was accomplished by connecting two glass suction pipettes, 10-15 /tm in diameter, to the myocyte, one to record voltage and one to pass current (Brown et al., 1981a) . After the pipette sealed to the surface of the cell, the patch of membrane within its tip was ruptured by a pressure transient, allowing equilibration of the cytoplasm with the pipette-filling solution through the membrane tear. The resistance to the cell interior was 500-800 KQ, permitting low impedance access for voltage recording and current passage. A similar method was used by Hume and Giles (1983) to connect to bullfrog atrial cells, except that, because of their smaller size, the amphibian cells required use of a single 2-to 4-nm tip diameter glass pipette for recording voltage and injecting current. This smaller pipette probably exchanges its content with cells only slowly, so that the intracellular environment is not as well controlled. A brief report of voltage clamp measurements of Na + currents in single canine Purkinje cells has appeared by Sachs and Specht (1981) , who introduced current through a fine-tipped micropipette. As yet unreported in cardiac tissue is use of the "loose patch' technique of Aimers et al. (1983) .
An alternative method of connecting to the cell interior that has been used by three investigative groups is a flow-through polyethylene suction pipette developed by Kostyuk et al. (1975; see also Kostyuk, 1984) for voltage clamp and internal perfusion of single neuronal cells. Bodewei et al. (1982;  see also Hering et al., 1983) have used this method to study rat ventricular cells, and Bustamante and MacDonald (1983) have used it to study human atrial cells. Makielski et al. (1983; see also Fozzard et al., 1984) have used this flow-through suction pipette for internal perfusion and voltage clamping of single canine cardiac Purkinje cells.
Voltage Control in Single Cardiac Cells
Voltage control can be assessed directly by monitoring the membrane potential with an independent microelectrode (one that is not part of the feedback circuit). In spite of the value of this test, it is rarely accomplished in cardiac muscle studies because of the difficulty in maintaining an additional microelectrode impalement. Such recordings in older twomicropipette voltage clamp studies showed failure to control the membrane potential during the Na + currents, with control achieved only after several milliseconds (New and Trautwein, 1972; Fozzard and Hiraoka, 1973) . Good voltage control in a voltage-clamped single myocyte has been directly demonstrated by Josephson et al. (1984) during flow of Ca ++ current. Independent membrane potential recording to confirm adequate voltage control during membrane current flow is an essential prerequisite to the quantitative interpretation of the experimental results.
Several indirect methods for assessing voltage control are available, including the characteristics of the capacity-charging current, the shape of the current-voltage relationship, the envelopes of tail currents, and the turn-off characteristics of currents by return of the voltage to holding potential levels during peak current flow. Some information is available from these indirect tests of voltage control in single myocytes.
Provided that the resistance in series with the cell membrane is low, the capacity current in response to a voltage step should peak quickly and decline rapidly as a single exponential in cells without ttubules. It should be obvious that the voltage change across the membrane is not completed until the capacity current is over. Consequently, the time constant of the capacity current decline is a useful guide to the speed of voltage control. One of the best voltage clamps of single cardiac cells is that of Brown et al. (1981a Brown et al. ( , 1981b , who used rat ventricular myocytes. They showed time constants for decay of capacity current of about 100 /isec (when using one sealed glass pipette to measure voltage and a second to pass current). Using the flowthrough suction pipette, Bodewei et al. (1982) , Bustamonte and MacDonald (1983) , and Makielski et al. (1983) also report rapid achievement of membrane voltage, with time constants for the decay of capacity current of around 100 /isec.
A severe test of voltage control is the ability to turn off the Na + current by clamping the membrane back to its resting level at the time of peak Na + current, and Brown et al. (1981a) were able to do this successfully. Makielski et al. (1983) also could rapidly terminate the Na + current at its peak by clamping back to the holding potential at the peak of the Na + current. Brown et al. (1981a Brown et al. ( , 1981b found that calculations of Na + conductance made from tail currents agreed with the values obtained during a prolonged Circulation Research/Vol. 56, No. 4, April 1985 voltage step. In addition, they found that scaling of currents that were varied by a factor of four [by lower [Na + ] 0 or tetrodotoxin (TTX) exposure] yielded similar current-voltage relations. Both of these tests are supportive of satisfactory control of voltage during their experiments.
In single heart cells, a voltage step can be completed within about 100 ^isec, which is at least an order of magnitude improvement over that of multicellular preparations. However, it still may be insufficient for study of the earliest phases of activation of Na + currents or for recording of the very small Na + channel gating currents. Improvement in the speed of voltage control can be anticipated for several reasons. The suction pipette technique permits study of a fraction of a cell by pulling most of it into the opening at the pipette tip before sealing the cell to the pipette. The part of the cell within the pipette is amputated, thereby reducing the membrane area requiring control. Changes in the construction and shape of the pipette may reduce the series resistance to improve the speed of voltage control. As already mentioned, difficulties in the control of the peak Na + current can also be reduced by lower Na + concentrations and lower temperatures.
The Upstroke Velocity of the Action Potential
One of the major concerns with older measurements of Na + currents is that the peak recorded currents in the voltage clamp were small, not large enough to explain the rapid upstroke velocity of the cardiac action potential or its conduction velocity. Consequently, it is important to know if the newer studies can resolve this problem.
Most of the new observations of peak Na + currents in heart cells have been made with reduced extracellular Na + and at temperatures lower than 37°C. Brown et al. (1981b) found peak currents in rat ventricular cells at room temperature of around 0.5 mA/(iF. Similar values were measured by Bustamante and MacDonald (1983) in human atrial cells and by Makielski et al. (1983) in canine Purkinje cells. These values are much larger than the 70 fiA/ iuF reported by Bodewei et al. (1982) in rat ventricular cells. Those investigators attempted to clamp Na + currents while perfusing the interior of the cells with solution containing no Na + , so their peak currents may have been lower as the result of loss of voltage control under these circumstances. Hume and Giles (1983) measured 70 fiA/fiF in frog atrial cells, and Ebihara et al. (1980a) measured 130 fiA/ nF in chick embryonic cells at 37°C. These much lower values could have been the result of tissue differences in Na + channel density, as well as some loss of voltage clamp control. The higher values of peak Na + current of 0.5 mA_//tF can be used to estimate a Na + permeability (PNa) of at least 3-4_ X 10~5 cm/sec. This is dramatically lower than the P Na of 16 X 10~4 cm/sec, estimated by Hille and Campbell (1976) for frog skeletal muscle, or 2 x 10~3 cm/ Fozzard et a/./Na* Currents in Heart sec measured by Frankenhauser (1959) for node of Ranvier.
These values of peak currents can be used to estimate the maximal upstroke velocity that could be achieved by the Na + currents in cardiac cells. The measured Na + currents of Brown et al. (1981b) and Makielski et al. (1983) are equivalent to 500 V/sec, substantially more than the normal action potential upstrokes at room temperature. It is to be expected that the largest possible current is never achieved during a triggered action potential, because of partial inactivation and/or progressive fall in Na + driving force Cohen et al., 1984) . We can conclude that the currents measured in the single cell voltage clamp may indeed be close to the maximal currents achievable.
Perfusion of the Inside of the Cell
One of the most powerful tools for the study of nerve cells has been the internally perfused axon (e.g., Baker et al., 1962) . Cardiac cells can be dialyzed through glass pipettes sealed to the cells by exchange of the cytoplasm with the solution in these pipettes. Brown et al. (1981b) showed that it is even possible to use a microperfusion system to change the pipette contents and, thereby, change the cytoplasmic ion concentrations during the course of an experiment. They could alter intracellular Na + in a period of 2-8 minutes. The flow-through pipette may be even better for internal exchange. Makielski et al. (1983) were able to alter intracellular Na + within 2-3 minutes, as monitored by a change in the reversal potential of the Na + current. Control of other intracellular ions such as Ca ++ has not been reported and may prove to be more difficult (Byerly and Moody, 1984) .
This opportunity to control the intracellular ion concentrations and to apply drugs intracellularly offers a powerful tool for the study of cardiac cells. However, it should be pointed out that we do not yet know how to maintain the normal internal environment. Bodewei et al. (1982) used 140 mM Trisphosphate, and Makielski et al. (1983) used Trisglutamate at pH 7.2 with EGTA and variable amounts of Na + . Brown et al. (1981a Brown et al. ( , 1981b used KH 2 PO 4 , or cesium aspartate with NaHCO 3 and glucose. Bustamante and McDondald (1983) used cesium fluoride with a HEPES buffer. We have every reason to expect that the metabolic health of the cells, as well as the membrane channels, will depend on the detailed composition of these solutions, and little systematic information is yet available for cardiac cells.
Recording from Single Na + Channels
The behavior of a single membrane channel can now be recorded directly using a method developed by Neher and his colleagues (Hamill et al., 1981) . They isolate a small patch of membrane, 1-5 fim 2 in area, by sealing a small-bore glass pipette to the membrane. The walls of the pipette seal tightly to 479 the patch of membrane (gigaohm resistance to the bath), so that one can record the current required to hold the membrane patch at a chosen voltage. The presence of a channel in the isolated patch is manifested by a sudden increase in the current when the channel opens, and a sudden drop in current when the channel closes. This method allows study of the behavior of a single channel, or of a few channels, at rest, or in response to voltage steps. Sodium channels were first studied in skeletal muscle myotubes (Sigworth and Neher, 1980; Horn and Patlak, 1980) , and in chromaffin cells (Fenwick et al., 1981) .
Five investigative groups have reported some studies regarding cardiac Na + channels. Cachelin et al. (1983) have provided the most complete description of cardiac Na + channels, using cultured chick myocytes, and Ten Eick et al. (1982 Eick et al. ( , 1984 used the same tissue type. Grant et al. (1983) studied rabbit ventricular myocytes and Kunze and Brown (1982) and Patlak (1984) studied rat ventricular myocytes.
From the limited data available from cardiac Na + channel studies (Table 2) , we can draw the following conclusions: 1. Na + channel density is 2-10//tm 2 . Whether the distribution of channels is random or localized is not yet known (Aimers et al., 1983 (Yamamoto et al., 1984) , although other technical problems, such as bandwidth of recording, may also contribute.
4. The Na + current changes its magnitude upon depolarization by increased probability of opening and by a somewhat longer mean open time.
5. Cachelin et al. (1983 ), Ten Eick et al. (1984 , and Patlak (1984) have offered evidence that there may be two populations of Na + channels, based on channel currents, kinetics, and/or response to TTX.
Do Voltage Clamp and Patch Clamp Data Support the Hodgkin-Huxley Model?
The classical Hodgkin-Huxley model describes the Na + current as activating (opening of Na + channels) and inactivating (closing of Na + channels). These events are modeled as separate voltage-dependent processes that change their rates instantly as a function of voltage.
There has been evidence for some years that the behavior of the sodium channel in nerve is more complex than the model initially proposed by Hodgkin and Huxley. Activation occurs with a lag, thought to reflect the intermediate state that the channel must pass through, on the way to opening (Meves, 1978; Armstrong 1981; Horn et al., 1981; 480 Circulation Research/Vol. 56, No. 4, April 1985 [Grant et al. (1983)] Cultured chick myocytes [Cachelin et al. (1983)] Adult rat ventricular cells [Kunze and Brown (1982)] Cultured chick myocytes [Ten Eick et al. (1982)] Adult rat ventricular cells [Patlak (1984) ] 11.1 pA at -50 mV (assume E N , = +40 mV). j At two voltages of -40 and -20 mV. § 0.8 pA at -40 mV (assume E Na = +40 mV). Patlak and Horn, 1982) . Inactivation also occurs with a lag, consistent with the idea that channels open before they can inactivate (Goldman, 1976; Armstrong, 1981; Bean, 1981) . Inactivation often occurs with more than one time constant (Chiu, 1977; Bezanilla and Armstrong, 1977) , as does recovery from inactivation (Schauf, 1974; Chiu, 1977) . These investigators have suggested that the channel may have more than one inactivated state. In heart cells, Brown et al. (1981b) , Fozzard et al. (1984) , and Patlak (1984) find at least two time constants to Na + current decay. The first two groups also showed a lag before recovery from inactivation, similar to the findings in myelinated nerve. Clark and Giles (1984) have found evidence of a delay before onset of inactivation in bullfrog atrial cells. Such a lag before onset of inactivation could be very important in heart muscle, because the current involved in generating the conducted action potential upstroke requires about 100-200 fisec to develop. A very slow phase of recovery from inactivation has also been seen in heart muscle (Cohen et al., 1981; Ebihara et al., 1983) , which is influenced by the duration of depolarization or the presence of channel-active (antiarrhythmic) drugs.
Although the number of studies in heart muscle is small, it seems that the Hodgkin-Huxley mathematical model is not sufficient to describe the behavior of Na + current in nerve or in heart muscle. In turn, this casts some doubt on insights derived from models of excitation and conduction that use the Hodgkin-Huxley mathematical formulation. Whereas information generated with the HodgkinHuxley model may still be correct in specific instances, it is clearly necessary to determine in greater detail the behavior of Na + currents in the heart in order to develop the proper model for studies of excitation.
A Markovian chain model of sodium channel behavior has been useful in understanding experimental results (Fig. 1) . It has evolved (for example, Bezanilla and Armstrong, 1977; Jakobson 1978; French and Horn, 1983; Aldrich et al., 1983 ) from I, C . In response to a voltage step, channels in the C t state will be modified to some other closed state, from which they may open, or they may move directly to the inactivated state. Recovery is return to the C state, and it is indicated by the entire set of C , because no information is available to indicate to which C state the I state is transferred. See text for further explanation.
voltage clamp and single channel studies in nerve, skeletal muscle, and heart because it explains results that differ in important ways from the original Hodgkin-Huxley model. The time course of the rise and decline of Na + current in response to a membrane depolarization will be given by the time-and voltage-dependent transitions of Na + channels between the closed (C), open (O), and inactivated (I) states. The transitions can be described by either rate constants or probability functions which are dependent upon voltage and time. The closed state is the state of the channel in the resting membrane. Upon depolarization of the membrane, the channel may go to the open state, and then to the inactivated state (C to O to I), or it may go directly to the inactivated state (C to I) from which it must return to the closed state (I to C) before further opening can occur. It seems likely that there are two or more closed states (Q, . . . , C n ) producing a lag before opening of the channel (C n to O). Gating charge movement could occur during the Ci to C n transition (Armstrong and Bezanilla, 1974) , from which the channel may open or inactivate. The Hodgkin-Huxley model assumes that activation (C to O), and inactivation (any transition to I) are independent; inactivation could occur from any state and the rate of inactivation is independent of the initial state. However, experimental results (Hoyt and Adelman, 1970; Goldman and Schauf, 1972; Bezanilla and Armstrong, 1977) show a delay in the development of inactivation, indicating that this assumption of Hodgkin-Huxley may be incorrect. The model in Figure 1 allows for a delay in the development of inactivation by permitting transitions from Ci to C n before transition to I. Complex behavior in the development of inactivation would also occur if the C n to I transition and the C n to O to I transitions occurred with different rates after a depolarization.
The Hodgkin-Huxley model also assumed that activation was much faster than inactivation, and that both were strongly voltage dependent. Some results of single sodium channel studies (Aldrich et al., 1983) suggest that inactivation of the open channel (O to I) is relatively fast (t = 0.5 msec) and not strongly voltage dependent, and that activation (C n to O) is relatively slow (t = 1-2 msec). Other experimental results Vandenberg and Horn, 1984) suggest rate constants based on this model that differ in regard to the relative speeds and voltage dependencies of the activation and inactivation steps. Whether the kinetic differences are the result of species variation in Na + channels or of differences in experimental conditions is not yet clear.
The model in Figure 1 has the additional feature of two inactivated states (Ii and I 2 ), which may explain such behavior as a two-exponential time course in the development of inactivation in response to a depolarization, and a lag in the onset of recovery from inactivation when the membrane is 481 repolarized (Chiu, 1977; Fozzard et al., 1984) . The explanation for these results in terms of the model is similar to the one above that accounts for the delay in activation, i.e., an intermediate state intervenes between the starting and end states in response to a membrane voltage change.
Late Na + Currents
Because low doses of TTX (10~7 M) shorten the plateau of the cardiac Purkinje fiber without affecting the upstroke velocity, Coraboeuf et al. (1979) suggested that there is a sodium current that is different from the one underlying the action potential upstroke. Several possible explanations exist for this effect of TTX. First, as already mentioned, there could be a second population of Na + channels. They could inactivate with time constants of several hundred msec and be particularly sensitive to TTX. This suggestion is supported by demonstration of a small, slowly inactivating component of Na + current in rabbit Purkinje strands (Gintant et al., 1984; Carmeliet, 1984) . Second, there might be voltagedependent, time-independent Na + channels that provide inward current at plateau voltages (Attwell et al., 1979) . Third, some TTX-sensitive Na + channels could be independent of both voltage and time, and provide a background inward current important to the resting potential, as well as the plateau. Coraboeuf et al. (1979) noted that TTX also often caused a 5-to 7-mV hyperpolarization of the resting potential, and Sheu et al. (1980) found that Na 0 removal produced a large hyperpolarization. TTX reduces intracellular Na activity by about 1 mM (Dietmer and Ellis, 1980; January and Fozzard, 1984; Vassalle and Lee, 1984) , as one would expect from a change in resting Na + permeability.
The problem that faces investigators who study these slowly decaying or steady Na + currents is their small size. It is in the range of currents that could be generated by membrane transport processes that depend on Na + but are not gated channels. Candidates include the electrogenic Na-K pump and the Na + -Ca ++ exchange system, and possibly Na + -H + or NaCl-K + transport systems, if the latter are electrogenic. These transport systems are not yet well enough understood to permit quantitative study with the detail that is possible for the passive Na + channel. The late Na + currents probably have no role in excitation and conduction, although they could be important in other respects.
The Number of Na* Channels
Knowledge of the size of the patch clamp pipette and the apparent number of Na + channels that can be activated in the patch permits an estimate of the density of Na + channels. It is not exact, because the true area of the functional membrane in the patch is not exactly the area of the pipette opening, and because some channels may not open in ways that permit them to be unequivocally counted. For heart muscle, the number of Na + channels estimated from patch clamp sampling is 2-10//im 2 . It is interesting to compare this estimate with the maximal currents that can be recorded with the single cell voltage clamps. The peak currents of Brown et al. (1981b) and Makielski et al. (1983) are 0.5 mA/cm 2 (assuming 1 fiF/cm 2 ) around -20 mV. Typical single channel currents at -20 mV are about 1 pA, yielding an estimate of 5 channels/^m 2 that is close to the number suggested by patch clamp measurement. These numbers must be compared to 200-500/Mm 2 in squid axon (Levinson and Meves, 1975; Strichartz et al., 1979) , 2,000-10,000/Vtm 2 in nodes of Ranvier (Rogart, 1981) , and 200-300/Mm 2 in the surface membrane of mammalian skeletal muscle (Richie and Rogart, 1977) . These estimates of numbers of Na + channels are from TTX and saxitoxin (STX) binding, and equivalent measurements are complicated in heart muscle because of the low affinity of the toxins for the channel (Rogart et al., 1983; Renaud et al., 1983) . If the present estimate of cardiac Na + channel density is correct, then the efforts to isolate and purify Na + channels from the heart (Doyle and Page, 1984) may appear to have a poor yield.
Isolation and Reconstitution of Na + Channels
An important and different approach to the study of Na + channels is their biochemical isolation. The functional state of these isolated channels can be studied by their incorporation into artificial bilayers. Good progress has been made in the chemical isolation of Na + channels (Catterall and Nirenberg, 1973; Goldin et al., 1980; Barchi et al., 1980; Agnew, 1984) . At least two subunits have been identified, one of 270,000 and the other of 39,000 daltons (Beneski and Catterall, 1980) . The 270,000 dalton unit is called a, and it has been shown to undergo phosphorylation by a cAMP-dependent protein kinase (Costa et al., 1982) . Channels have been successfully incorporated into liposomal vesicles, where open channel fluxes can be measured (Goldin et al., 1980; Tanaka et al., 1983) . These liposomal vesicle studies have serious limitations, because their small volume make flux studies less quantitative than we would like (Miller, 1984) , and because the transmembrane voltage can only be estimated approximately and controlled crudely. These problems can be avoided by reconstitution of the channels in planar bilayers (Miller and Racker, 1976; Coronado and Latorre, 1982; Krueger et al., 1983; Hanke et al., 1984) , where control of voltage is straightforward. Some success has been reported by Coronado and Latorre (1982) , using sarcolemmal materials from heart muscle, but these investigators saw few Na + channels. Nelson et al. (1984) successfully reconstituted cardiac Na + channels in planar bilayers, but they, as well as others, have needed to treat the channels with batrachotoxin (BTX) to prevent inactivation.
Circulation Research/Vol. 56, No. 4, April 1985 A Role for Na + Channels in Modulating Contraction Strength Intracellular Na + activity (a' Na ) in heart muscle is a balance between Na + entry, partly through the Na + channels, and Na + exit via the Na-K pump. Stimulated fibers have a higher level of ajvj a than resting fibers (Deitmer and Ellis, 1980; Cohen et al., 1982; Lee and Dagostino, 1983) . The magnitude of the increase depends on the frequency and the duration of stimulation . January and Fozzard (1984) studied this effect in voltageclamped cardiac Purkinje fibers, showing that blockade of the Na + channels by TTX or steady depolarization to -50 mV prevented the stimulation-induced rise in afvj a and they proposed an important role for Na + channels. Falk and Cohen (1984) came to a similar conclusion by studying electrogenic pump current, but they also found some evidence for participation of Ca ++ channels. This stimulationdependent change in aisj a is thought to affect contraction through the Na + -Ca ++ exchange mechanism. In support of this idea, January (1984) has recently shown that TTX treatment also blocked the tension staircase (Bowditch phenomenon) and markedly depressed the frequency-force relationship in voltage-clamped cardiac fibers. The importance of this role of Na + channel in the overall control of contraction in the heart is uncertain, and it raises the possibility that modification of Na + channel behavior (e.g., antiarrhythmic drugs) could alter cardiac contraction.
Summary
After decades of frustration with inadequate methods, cardiac electrophysiologists have developed new techniques for superior control of membrane potential by use of single cells, and they have begun careful study of cardiac Na + currents. Direct recordings of the behavior of single Na + channels have been made by the newly developed patch clamp technique. Biochemists have made excellent progress purifying and characterizing the Na + channel proteins, and there has been some initial success in reconstituting these partially purified channels into lipid bilayers, where their function can be studied.
Even at this early stage of development of these new techniques, several conclusions are warranted:
1. The cardiac Na + currents are not accurately described by the original Hodgkin-Huxley mathematical formulation, making undesirable the further use of this model for study of cardiac excitation and conduction. We need to keep an open mind as to the kinetic behavior of Na + channels, until the newer experimental techniques provide a more complete picture.
2. Although the cardiac Na + channel strongly resembles Na + channels in other excitable tissues, important differences remain, reinforcing the idea that the detailed molecular structure of the cardiac Na + channel will be different from its close relatives in other excitable cells.
3. The density of Na + channels in heart cell membranes is much less than in nerve and fast twitch skeletal muscle.
4. The Na + channels are the focus of action of many drugs and pathological processes.
5. The tools are at hand for a complete description of the Na + channel, including its gating and its molecular structure. We can expect considerable progress in this decade.
